We compute the one-loop dispersion relations at finite temperature for quarks, charged leptons and neutrinos in the Minimal Standard Model. The dispersion relations are calculated in two different plasma situations: for a vacuum expectation value υ of the Higgs field υ = 0 (broken electroweak symmetry) and for υ = 0 (unbroken electroweak symmetry). The flavour and chiral non-degeneracy of the quasi-particle spectrum is studied. Numerical results show that the thermal effective masses for fermions in the broken phase have a smaller value than those in the unbroken phase. The temperature dependence of the top quark and electron neutrino thermal effective masses is also presented. Gauge invariance of one-loop dispersion relations is studied.
Introduction
The behaviour of the plasma in the high temperature regime plays a fundamental role in the attempts to explain several puzzles in cosmology, as for example the present baryon asymmetry of the universe [1, 2] in the electroweak scenario. When the temperature of the universe (T ) was near the critical one of the cosmological electroweak phase transition (T C ), the dynamics of the plasma was governed by the interactions of the Minimal Standard Model (MSM). It is now well known that the interaction of a fermion with the thermal background in a plasma modifies the poles of the fermion propagator with respect to those at tree level. In a pioneering work [3] , Weldon studied the modification of the fermion dispersion relation, i.e. poles of the fermion propagator, due to high temperature effects for a chirally invariant gauge theory (for instance, QCD or QED with massless fermions). In the same work, he showed that for a chirally invariant gauge theory with parity violation, as is the case for the SU(2) L ⊗ U(1) Y model, the dispersion relations for the right-and left-handed massless fermions are independent. This decoupling implies that the thermal effective fermion masses, defined as the energy values for zero momentum, are different.
For a parity preserving gauge theory at finite temperature, the fermion dispersion relation has two possible solutions. These solutions (branches in the phase space), both of positive energy, describe the propagation of the fermionic excitations of the plasma (quasi-particles) through the thermal medium. In the literature, these solutions are generally known as normal and abnormal branches. Each point of a branch corresponds to the energy and momentum values of a quasiparticle. The quasi-particles described by the normal branch (quasi-fermions) have the helicity equal to their chirality, while those described by the abnormal branch (quasi-holes) have the helicity opposite to their chirality. This was studied in detail by Weldon for massless quarks in QCD [4, 5] and by Pisarski for light massive fermions in QCD/QED [6] . The normal branch is so called because it becomes the ordinary fermionic branch at large momentum (large mass), k (M f ) > gT , where g stands for the coupling constant and M f for the fermion mass. The abnormal branch owes its name to the fact that it appears as an additional physical solution only if temperature effects are taken into account. Quasi-particles reflect a collective behaviour of the plasma system at low momenta [7] . The collective behaviour of the quasi-holes only exists for k < gT , where their creation probabilities are non-zero. Moreover, the QCD/QED quasiholes are physically possible for M f < gT and they disappear from the spectrum for M f ≃ T [6, 8] .
The theoretical expectation that a cosmological electroweak phase transition [9] took place during the cooling of the early universe is motivated by the existence of the electroweak spontaneous symmetry breaking (ESSB) in the MSM and its extensions. The idea of the electroweak phase transition in the framework of the MSM allows the consideration of the two following phases. For T > T C , the gauge symmetry of the fermion fields is SU(3) C ⊗ SU(2) L ⊗ U(1) Y , υ = 0 and the plasma scenario is the electroweak unbroken phase. For T < T C , the electroweak symmetry SU(2) L ⊗ U(1) Y is spontaneously broken. The gauge symmetry of the fermion fields is SU(3) C ⊗ U(1) EM , υ = 0, and the plasma scenario is the electroweak broken phase.
Fermionic excitations are present in both electroweak phases of the plasma. The spectrum of quasi-particles can be obtained from the thermal loop contribution to the fermion self-energy. The energy of the quasi-particles is of order g s T . Quasi-particles, during their propagation in the plasma, scatter with the thermal medium and this phenomenon induces a damping rate γ [10] . This γ is proportional to the imaginary part of the self-energy [11] . The energy of the quasi-particles compared to γ is large and it is thus possible to speak about the existence of quasi-particles as coherent excited states. Quasi-particles have a finite lifetime ∼ 1/2γ and they can eventually turn into a new state, which is out of phase with the initial one. If the group velocity is | v|, the mean free path is | v|/2γ. The quantum spatial coherence, i.e. the phase relation between points separated by a distance ≥ | v|/2γ, is lost [2, 12] . Since we are interested in obtaining the branches which describe the quasi-particles, only the real part of the one-loop contribution to the self-energy will be calculated.
The main purpose of the present work is to compute exactly the one-loop dispersion relations for the different fermion sectors of the MSM for the following situations of the plasma: for the electroweak broken phase and for the electroweak unbroken one. We study numerically the behaviour of the normal and abnormal branches taking into account all terms in the fermion self-energy 3 . The flavour and chiral non-degeneracy of the quasi-particle spectrum is studied. Our attention is focused in the low-momentum regime where collective phenomena develop. Since mass and T corrections are considered numerically, we obtain a novel result, namely that thermal effective masses for fermions have a lower value in the broken phase than in the unbroken one. The existence of a similar shift was observed in [13] where, through a lattice calculation, it was found that thermal effective masses for massive bosons are smaller than those for massless bosons. We also confirm the particular behaviour of the branches in the broken phase found in [1, 2] : at variance with what happens in the unbroken phase, an energy gap of order M f is obtained between the two branches that now have hyperbolic form. This behaviour is crucial for the mechanism of electroweak baryogenesis produced at the scattering of quasi-particles off the boundary created during the first order electroweak phase transition.
The T dependence for the top quark dispersion relations in the broken phase and for the neutrino dispersion relations in both phases is also studied. We have found, for the top quark, that the thermal effective mass for two of the four branches can have negative value for T ≤ M t . In order to study the gauge independence of the dispersion relations, we compare one-loop computations in Feynman and Landau gauges. The dispersion relations are only gauge independent at leading order.
In section 2, we define the fermion dispersion relations for the different types of gauge theories involved in the calculations. In section 3, the generic gauge boson and scalar diagrams of Fig. 2 are calculated in the Feynman gauge and the real part of the finite temperature contribution to the fermion self-energy is given. In section 4, the Lorentz-invariant functions for quarks, charged leptons and neutrinos in the MSM are calculated and the corresponding dispersion relations in both phases are derived. In section 5, we study in detail the gauge invariance for the one-loop dispersion relations for massless and massive quarks in QCD. The results are extended to the MSM dispersion relations. Numerical results of the dispersion relation computations are presented in section 6. Our conclusions are summarized in section 7. Results about the calculation of the real part of the fermion self-energy in the Landau gauge are presented in Appendix B. In Appendix C, the Lorentz-invariant functions calculated in the Landau gauge are also presented.
Some useful definitions
The fermionic dispersion relations, for the different cases in which the chiral and parity symmetry are preserved or violated by a gauge theory, are presented in this section. The fermionic spectrum of the quasi-particles in a plasma is described by the branches obtained from the fermion dispersion relation, which is derived from the real part of the thermal contribution to the self-energy. The fermion self-energy is written as a linear combination of the matrices 1, K /, u / and K /u /, where u µ is the four-velocity of the plasma, with u µ u µ = 1, and K µ is the fermion momentum. In the one-loop calculation, K /u / terms are not generated and the real part of the thermal contribution to the fermion self-energy, for a gauge theory with parity and chirality violations, has the following form [3] :
where L ≡ (1 − γ 5 ) and R ≡ (1 + γ 5 ) are the left-and right-handed chiral projectors respectively, and M I is the fermion mass. The functions a L , a R , b L , b R , c L and c R are the chiral projections of the Lorentz-invariant functions a, b, c defined in the following way:
These functions depend on the Lorentz scalars ω and k defined by
The inverse fermion propagator is given by
where:
The fermion propagator follows from the inversion of (2. 5),
The poles of the propagator correspond to values of ω and k for which the determinant D in (2. 10) vanishes [3] ,
In the rest frame of the plasma u = (1, 0), Eq. (2. 11) leads to the fermion dispersion relation for a gauge theory with chiral and parity violations (for instance, the MSM after the ESSB):
Equation (2. 12) describes in a coupled way the behaviour of the left and right components. This equation is of fourth order in ω, so that for each value of k there are four solutions for ω. Therefore four branches (two normal and two abnormal) in the phase space are obtained from the dispersion relation. It is not possible to associate a specific chirality with the quasi-particles because the chiral symmetry is broken.
For massless fermions, the chiral symmetry is preserved by the theory. The functions Λ L and Λ R in (2. 11) are equal to zero and the poles of the propagator are found from L 2 ℜ 2 = 0. Thus, for a chirally invariant theory with parity violation, as is the case of the MSM before the ESSB, the dispersion relations are given by
Left-and right-handed components now obey decoupled relations. Equations (2. 13) and (2. 14) are of second order in ω; as a consequence, for each momentum value k there are two values of ω re-solving each equation. For each fermion chirality, two branches (one normal and one abnormal) are solutions of the dispersion relation. Four branches describe the fermionic quasi-particles of the plasma. The quasi-particles have a specific chirality, in contrast with what happens in the chiral violation case.
For a parity-symmetric gauge theory, the projections of the Lorentz-invariant functions over the left-and right-handed components coincide. Setting (2. 12) , the dispersion relation for a parity-invariant gauge theory with chirality violation (for instance, QCD with massive quarks) is obtained:
The left-and right-handed components of the dispersion relation are superimposed in this case, and the fermionic excitations are only described by two branches.
If chiral symmetry is preserved by a parity-invariant gauge theory, as is the case of QCD with massless quarks, the dispersion relation is given by (2. 15) ,
3 Real part of the fermion self-energy
The finite temperature contribution of the one-loop fermion self-energy is calculated in this section. The MSM Feynman diagrams that contribute to the one-loop fermion self-energy have the form of the generic diagrams of Figs. 1 and 2. These generic diagrams are calculated, in the Feynman gauge, using the real time formalism of thermal field theory [14] . It is straightforward to see that tadpole diagrams represented by Fig. 1 only contribute to the imaginary part of the self-energy, as is shown in Appendix A. The diagrams that contribute to the real part of the self-energy are represented by the generic diagrams of Fig. 2 . To calculate the poles of the fermion propagator, we are only interested in the contribution to the real part of the fermion self-energy from these diagrams. The same calculation is also performed in the Landau gauge (Appendix B). 
where the T dependence is introduced through the functions Γ f (p) and
where n F (p · u) and n B (p · u) have the following form:
The contribution to the self-energy from the generic gauge boson diagram of Fig. 2a is
where g is the coupling constant and C c is the quadratic Casimir invariant of the re-presentation. Inserting expressions (3. 1) and (3. 2) into (3. 8), it is possible to write:
, where Σ 0 (K) is the zero temperature contribution and Σ ′ (K) is the finite temperature contribution. Keeping only the real part Re Σ ′ (K) of the finite temperature contribution, we obtain
where the denominators are defined by their principal value. Applying Weldon's procedure [3] and after performing the integrations over p 0 and the two angular variables, the following novel integrals over the modulus of the three-momentum p = | p| are obtained:
12) with the logarithmic functions given by
. These expressions for M 1 = M 2 = 0 are identical to those derived by Weldon [3] and for M 1 = 0 and M 2 = 0 to those derived by Petitgirard [8] . [3] . The integrals (3. 10)-(3. 12) are related to (2. 1) through
where the Lorentz-invariant functions a(ω, k), b(ω, k) and c(ω, k) can be written in terms of their chiral projections, as was shown in (2. 2)-(2. 4), and M I is the mass of the external fermion.
It is convenient to rewrite (3. 15)-(3. 17) in the following form:
Since each one-loop diagram contribution to the real part of the fermion selfenergy is proportional to the generic gauge boson contribution (3. 9), it is possible to write 26) where the Lorentz-invariant functions are obtained by adding up the contributions n coming from each diagram involved in the calculation; M 1 and M 2 refer to the internal fermion and to the boson mass of the loop diagram, respectively.
Fermionic dispersion relations
In this section, the one-loop dispersion relations at finite temperature for quarks, charged leptons and neutrinos in the MSM are derived. The chiral projections of the Lorentz-invariant functions in the broken and in the unbroken phases are calculated following the procedure explained in the last section. The unbroken phase Lorentz-invariant functions calculated in the Landau gauge are presented in Appendix C.
In the MSM, the W and Z gauge bosons and the fermions acquire mass after the ESSB. These masses are written as functions of υ in the form:
, where g and g ′ are the gauge coupling constants of SU (2) 
1/2 , where T C ∼ 100 GeV is the critical temperature of the electroweak phase transition and υ 0 = 246 GeV is the vacuum expectation value of the Higgs field at T = 0. The latter expression is valid for values of T near and below T C .
Quark dispersion relations
As we have already mentioned, the damping rate of the quasi-particles in the plasma is proportional to the imaginary part of the fermion self-energy. The damping rate is induced by the incoherent scattering of the quasi-particles with the thermal medium. The scattering of the quasi-particles associated to quarks is generated by the strong and electroweak thermal interactions. The most important contribution to the damping rate comes from QCD thermal interactions. It has been calculated at leading order for zero quasi-particle momentum in [11] giving: γ QCD ∼ 0.15g 2 s T , i.e. ∼ 19 GeV at T = 100 GeV, where g s is the strong coupling constant.
Assuming that, in the vicinity of k = 0, the damping rate is not changed appreciably by the electroweak thermal interactions, the finite lifetime of the quasi-particles is ∼ 1/40 GeV −1 . Since the group velocity is ∼ 1/3, the mean free path is ∼ 1/120 GeV −1 . Thus, the quantum spatial coherence is lost for points separated by a distance ≥ 1/120 GeV −1 . We show below that the electroweak corrections to the branches for light quarks are of the order of the quark masses M I . Thus, the imaginary part of the QCD self-energy is much larger than the electroweak contributions to the real part of the self-energy for all quarks but the top. This means that coherent electroweak quantum phenomena associated to quarks (for instance, CP violation) cannot take place in the plasma because the lifetime of the quasi-particles is very small with respect to the characteristic time of the electroweak processes [2, 12] . When a quasi-particle scatters, the electroweak coherence is lost.
Broken phase
The thermal background interacting with quarks in the plasma is constituted by massive quarks of three flavours with colour charge, massive Higgs bosons, massive W and Z gauge bosons, photons and gluons. Quarks of electric charge 2/3 are called up quarks and those of electric charge −1/3 down quarks. The one-loop diagrams with photon, gluon, Z gauge boson, neutral Goldstone and Higgs boson, which contribute to the quark self-energy, do not induce a change of flavour in the quark. The diagrams with an exchange of charged Goldstone and W gauge bosons induce a flavour change in the incoming quark I to a different outgoing quark F . In the latter contributions, the flavour i of the internal quark (inside the loop) runs over the up or down quark flavours according to the type of the external quark (outside the loop). The one-loop contribution from gauge boson and scalar boson to the real part of the self-energy gives
3) The integrals (3. 21)-(3. 23) will be evaluated with the appropriate values of M 1 and M 2 for each contribution. The coefficients f n and g n are:
where K represents the Cabibbo-Kobayashi-Maskawa (CKM) matrix, λ I is defined as The spectrum of quasi-particles for massive quarks with only QCD interactions was studied in [6, 8] . The quasi-particles are described by one normal and one abnormal branch. If electroweak effects are introduced, as they are here, the mentioned spectrum is modified in a complicated way. Although the electroweak corrections are quantitatively small for all flavours but the top, some important consequences are derived from these effects. In particularly, as was explained in section 2, four branches are present (two normal and two abnormal) instead of the two QCD ones. The four branches for the s and c quarks are shown in Figs. 3 and 4. Because the chiral symmetry of the theory with massive quarks is broken, it is impossible to associate a specific chirality to the branches. The top quark acquires a large mass during the electroweak phase transition. We note a particular behaviour of the top quark branches with the T variation: a couple of branches lowers down appreciably as T is lowered (M t increases) as is shown in Fig. 5 , by means of the T variation of the thermal effective masses. To try to understand this special behaviour of the top quark branches, we will first study the much simpler QCD case.
It is very easy to check that (4. 1)-(4. 3) reduce to QCD functions when g is fixed to zero in the coefficients (4.
where
Inserting these expressions in (2. 15), the dispersion relation for massive quarks in QCD is obtained. We have checked the validity of the analytic approximations performed in [8] for light massive quarks (M I << T ). In this case, the analytic forms of the normal and abnormal branches for k << T are: 1/2 /2 by M I /2 while the abnormal one is below that value by the same amount. The separation between the branches is M I and this increases with the quark mass. When the electroweak corrections are taken into account, a similar effect is also present. An energy gap of order ∼ M I appears between the minimum and the maximum of the hyperbolic branches (see Figs. 3 and 4) . If the quark mass is large, the energy gap is larger than the separation between the thermal effective masses. As a consequence, the normal and abnormal branches with the same thermal effective mass appear closer. For some T , the thermal effective mass of smaller energy can be negative, as is suggested by Fig. 5 .
More works about the dispersion relation for massive quarks in QCD can be found in the literature. Analytic expressions for the dispersion relation were calculated, in the limit
Lead , by Seibert [15] . In the limit
Lead as was done in [16] , the approximation for the dispersion relation
Lead is valid. The properties of the quark spectrum were studied by Lebedev and Smilga [17] considering a dynamical thermal mass for the quarks in the tree-level matrix Green's Functions.
Unbroken phase
With the masses of the particles equal to zero, the expressions (4. 1)-(4. 3) are reduced to the chiral projections of the Lorentz-invariant functions in the unbroken phase: 18) where the coefficients l IF and r IF are given by
The branches for massless quarks are computed from the dispersion relation obtained by substituting (4. 15)-(4. 18) in (2. 13) and (2. 14). Two normal branches (one left-handed and one right-handed) and two abnormal branches (one lefthanded and one right-handed) describe quasi-quarks and quasi-holes respectively. The different Yukawa coupling constants for the distinct quark flavours introduce the flavour non-degeneracy of the branches. In Figs. 3 and 4 , the s and c quark branches are presented. Calculating for ω, k ≪ T the leading O(T 2 ) contribution to the expressions (4. 15)-(4. 18), it is possible to observe analytically the chiral non-degeneracy of the quasi-particle spectrum. The integrals A(0, 0) and B(0, 0) in this limit allow us to write
where F (x) is defined by:
In this limit, the quark self-energy has been calculated for QCD in [3, 18] and generalized for the MSM in [1] . The following analytical expressions are derived by replacing (4. 21)-(4. 24) in (2. 13) and (2. 14):
where we have defined
and then M L,R are interpreted as thermal effective masses. For each chirality, one normal and one abnormal branch describe the quasi-particle spectrum. For high momentum (k >> M L,R ), the branches are approximated by
For k >> M L,R the branches become the ordinary fermionic branch. The leading O(g 2 s T 2 ) expressions (4. 21)-(4. 24) are gauge independent and they give place to the gauge invariant dispersion relations (4. 27)-(4. 30) [3] . Supposing that the propagation of quasi-particles is along the z axis, it is possible to see that their group velocity is of ±1/3. For k z and a given flavour, quasi-particles of a specific chirality have two possible helicities. The group velocity is given by the eigenvalue of ≃ 1/3γ 5 σ z = 1/3γ 5 σ z (k z ) 2 , i.e. 1/3χhk z , where h is twice the helicity, χ the chirality andk z = k z /|k z | [2] . Consequently, the group velocity for quasi-fermions has the same sign as the momentum when chirality equals helicity. For quasi-holes, the group velocity and the momentum have opposite signs. These fermionic states have flipped chirality/helicity and at zero T they have negative energy. They become physical at finite T due to a shift in energy of the branch.
Turning off the electroweak interactions in the Lorentz-invariant functions (4. 15)-(4. 18), the QCD case for massless quarks is recovered, with
The corresponding dispersion relations follow from the substitution of (4. 31) and (4. 32) in (2. 16). In the limit ω, k << T the branches are given by (4. 27) and (4. 28), with ω L = ω R = ω and M L = M R = M Lead in accordance with [3, 5, 18] .
Charged-lepton dispersion relations
The scattering between the quasi-particles associated to charged leptons and the thermal medium is governed by the weak and electromagnetic thermal interactions. It is expected for k = 0, in analogy with QCD calculations [11] , that the damping rate at leading order originated only from weak or electromagnetic thermal interactions were γ EW ∼ g 2 T . The weak and electromagnetic leading contributions of the real part of the self-energy are both of order gT . This means that the energy of the quasi-particles, of order gT , is large in comparison with the damping rate, i.e. it contains one additional power of g. Thus, it is possible to speak of the existence of quasi-particles as coherent excited states. Coherent electroweak quantum phenomena associated to charged leptons can take place in the plasma because the lifetime of the quasi-particles is of the order of the characteristic time of the electroweak processes.
Broken phase
The thermal background interacting with charged leptons in the plasma is constituted by massive charged leptons of flavour e, massless neutrinos of flavour e, massive Higgs bosons, massive W and Z gauge bosons and massless photons. The diagrams with charged Goldstone and W bosons change from the external charged lepton to the associated neutrino flavour inside the loop. The one-loop contribution from scalar and gauge boson sectors to the real part of self-energy allow us to write
with the coefficients d and y given by
37)
39)
where λ e = M e /M W . Substituting the functions (4. 33)-(4. 35) in (2. 12), the branches are computed from the obtained dispersion relation. Because the chiral symmetry in this case is broken, it is impossible to associate a specific chirality to the branches. Flavour non-degeneracy exists since the mass non-degeneracy is present in (4. 33)-(4. 35).
The spectrum of quasi-particles for charged leptons in QED was studied in [19] . For this case, the quasi-particles are described by one normal and one abnormal branch, and left-and right-handed branches are superposed. The breaking of the parity symmetry by the weak interactions causes the doubling of the QED branches. Thus, for charged leptons in the MSM, the quasi-particles are described by two normal and two abnormal branches, as is shown in Fig. 6 for the τ lepton. As in the quark case in the broken phase, an energy gap between the hyperbolic branches appears.
Following a procedure analogous to the one performed for massive quarks in QCD, the Lorentz-invariant functions for massive electrons in the QED case are obtained by turning off the weak interactions into the functions (4. 33)-(4. 35). The expressions derived are similar to expressions (4. 10)-(4. 12), with f ′ changed to d and M I to M e . The analytic form of the two branches, for k << T , is given by (4. 13) and (4. 14).
Some aspects of the dispersion relation for massive electrons in QED have been studied at finite temperature, considering an effective chemical potential in [20, 21] . The spectrum of quasi-particles in a hot relativistic electron plasma was studied in [22] , where it is shown numerically that the full spectral weight is not gauge independent. By comparing one-loop computations in the Feynman and in the Coulomb gauges, it was shown in [22] that the location of well-defined poles in the propagator is gauge independent at leading order since the poles correspond to physical excitations, while the widths of the quasi-particles are gauge dependent. The dispersion relation at zero temperature has been studied in [23] .
Unbroken phase
Expressions (4. 33)-(4. 35) with particle masses equal to zero reduce to the chiral projections of the Lorentz-invariant functions in the unbroken phase:
where the coefficients t and u are
The branches for massless charged leptons are computed from the dispersion relation derived by substituting (4. 41)-(4. 44) in (2. 13) and (2. 14). Two normal branches (one for each chirality) and two abnormal branches (one for each chirality) describe quasi-particles and quasi-holes respectively (see Fig. 6 ). The quasiparticle spectrum is flavour non-degenerate, but, because λ 2 e in (4. 45) and (4. 46) is so small for all charged lepton flavours, the differences between flavours are very small. The type of quasi-particle characterized by the abnormal branch has been called the "plasmino" by Braaten and Pisarski [24] . In the limit ω, k ≪ T , the analytical forms obtained for the dispersion relation are similar to those obtained for massless quarks. For k << M L,R , the branches are given by (4. 27) and (4. 28) with M 
Neutrino dispersion relations
The damping rate of quasi-particles associated to neutrinos is induced by the weak thermal interactions. In analogy with the assumption in the charged-lepton case, the damping rate (leading order) of neutrino quasi-particles for k = 0 is γ EW ∼ g 2 T . The weak leading contribution of the real part of the self-energy is of order gT . The energy of the quasi-particles, of order gT , compared to the damping rate is large. The quasi-particles exist as coherent excited states. Coherent weak quantum phenomena associated with neutrinos can take place in the plasma because the lifetime of the quasi-particles is of the order of the characteristic time of the weak processes.
Broken phase
The thermal background interacting with neutrinos in the plasma is constituted by massless neutrinos of flavour e, massive charged leptons of flavour e and massive W and Z gauge bosons. The one-loop contribution from scalar and gauge boson sectors to the real part of the self-energy lead to
with the coefficients v Z and v W given by
where λ e = M e /M W . The projection of the Lorentz-invariant functions is only over the left-handed component. Substituting (4. 47) and (4. 48) in (2. 13), the branches are computed from the dispersion relation obtained. A normal and an abnormal branches of left-handed chirality describe the quasi-particles as is shown in Fig. 7 . Flavour non-degeneracy exists from the mass non-degeneracy present in (4. 47) and (4. 48), for different neutrino flavours. Because M e << M W in the integrals of (4. 47) and (4. 48), the differences for different flavours are very small. The neutrino dispersion relation presented here was studied by D'Olivo, Nieves and To-rres in [25] for temperatures of the plasma much lower than the W and Z masses. This approximation allows to neglect the thermal dependence for the gauge boson propagators. These authors performed the calculation in a general gauge and they found that the neutrino self-energy depends on the gauge parameter, but the dispersion relation is independent at leading order in g 2 /M 2 W . Several works, previous to [25] , on this subject can be found in the literature. In [26, 27] , the same calculation was performed but using the unitary gauge. The computation of the neutrino thermal self-energy was considered in [28, 29] .
Unbroken phase
Expressions (4. 47) and (4. 48) with gauge boson masses equal to zero reduce to the left-handed projection of the Lorentz-invariant functions in the unbroken phase:
with the coefficient t given by (4. 45). Substituting (4. 51) and (4. 52) in (2. 13), the branches are computed from the dispersion relation obtained. A normal and an abnormal branch of left-handed chirality describe the quasi-particles (see Fig. 7 ). The quasi-particle spectrum is flavour non-degenerate, but, since λ 2 e is very small for all neutrino flavours, the differences for the different flavours are very small. The variation with the temperature of the thermal effective masses for both phases is presented in Fig. 8 .
The branches for left-handed neutrinos are the same as those for left-handed charged leptons. This result reflects the presence of the SU(2) L symmetry in the MSM before the ESSB. The neutrino dispersion relation in the unbroken phase was considered with a non-zero chemical potential in [30] . The same authors in a later work [31] studied the dispersion relation in the case where the charged leptons have a running mass obtained using the renormalization group equations.
Remarks about gauge invariance
The gauge invariance of the one-loop dispersion relations presented in this work is studied in this section. The numerical results for the dispersion relations have been obtained considering all the terms in the Lorentz-invariant functions (3. 18)- (3. 20) . This fact implies the introduction of a small gauge dependence originated from the non-leading order terms of the fermion self-energy [32] . These, in turn, lead to sub-leading contributions to the dispersion relations. Indeed, by confronting QCD computations in the Feynman and Landau gauges, we show that the sub-leading contributions to the dispersion relations are gauge dependent. We also study the effect of these contributions in our numerical results.
In Appendix B, we calculate the finite temperature contribution to the oneloop real part of the fermion self-energy in the Landau gauge Re Σ ′£ (K). We show in (B. 4) that it is possible to write: Re Σ ′£ (K) = Re Σ ′ (K) + Re δΣ ′ (K), where Re Σ ′ (K) is the real part of the thermal contribution to the self-energy in the Feynman gauge (3. 8) and Re δΣ ′ (K) is the real part of the gauge dependent thermal contribution of Re Σ ′£ (K) (B. 5). The Ward identities ensure that the gauge dependent contribution disappears if the external leg is projected on the zeroth order pole [32] . This can easily be seen because Re δΣ ′ (K) can be written as proportional to K / − M q . In QCD at finite temperature, for instance, the shift of the quark propagator pole position with respect to the pole position at zero temperature is of order g s T . This means that the argument of the integral in (B. 5) is proportional to g s T , for this case, because this integral is proportional to K / − M q . Consequently, the Re δΣ ′ (K) contribution to the dispersion relation is of a higher order in g s with respect to the Re Σ ′ (K) contribution. For example, in the QCD case for massless quarks, Re δΣ ′ (K) vanishes on the zeroth order pole corresponding to ω = 0, for k = 0. So, Re δΣ ′ (K) contribution is a non-leading order in ω/T . These non-leading order contributions lead to a sub-leading contributions to the thermal effective mass. This fact can be guessed because the leg projection on the first order pole means ω/T ∼ g s . This conclusion is in accordance with [32] , where it is formally shown that nonleading contributions to the quark self-energy allow gauge dependent sub-leading modifications to the dispersion relation.
Let us now show in an explicit calculation that the non-leading contributions to the one-loop QCD self-energy are sub-leading in the dispersion relations. By comparing one-loop computations in the Feynman and in the Landau gauge for massless and for massive quarks, we will show that indeed the sub-leading contributions to the dispersion relations are gauge dependent. First, we consider massless quarks in QCD. The Lorentz-invariant functions in the Feynman gauge (3. 18) and (3. 19) for this case are
s /12π 2 and g s stands for the strong coupling constant. The function F (x) is defined by (4. 25) and the integrals I 1 , I 2 , I 3 are given by
where n B (p) and n F (p) are defined by (3. 6) and (3. 7) respectively. The logarithmic functions
Substituting the expressions (5. 1) and (5. 2) into (2. 16), it follows that
For k → 0, the integrals I 1 , I 2 , I 3 can be written as . 7), when we take the limit k << ω, T > ω, divide by k 2 and set k = 0. Then, we obtain the following relation: 9) with γ E = 0.5772. We note that (5. 8) reduces to the leading thermal effective mass ω = M Lead , if the non-leading contributions given through F 2 (ω, T ) are set to zero. The numerical solution of (5. 8) leads to the thermal effective mass
where ρ = 0.02223. The massless quark dispersion relations, for the limit k << M, are . 12) is smaller than 0.01% with respect to the exact numerical results. Given the fit (5. 10), the solution of (5. 8) can be well approximated by
Expanding the root square in (5. 13), we can see that the non-leading terms of the quark self-energy modify M Lead as ∝ g (n)
s T , with (n = 3, 5, ...), in accordance with the conclusions given in [32] .
The Lorentz-invariant functions in the Landau gauge are . 16), we compute the quark dispersion relations in the Landau gauge. These dispersion relations coincide with those at leading order O(g s T ) in the Feynman gauge, as is shown in Fig. 9 . In other words, the Lorentz-invariant functions (5. 14) and (5. 15) reduce to the analytical form of (4. 21) and (4. 22) with L I,F = 4g . 10) is zero. This result indicates that the one-loop dispersion relations are only gauge invariant at leading order O(g s T ) [3, 33] . As the thermal imaginary part of the one-loop self-energy contains only non-leading terms, it is highly gauge dependent. For a consistent calculation of this part, it is necessary to go to the imaginary time formalism of the thermal field theory and to use Pisarski's method for resumming thermal loops [11, 34] .
We will now study the massive quark case in QCD. The Lorentz-invariant functions in the Feynman gauge (3. 18)-(3. 20) contain terms dependent of M q . For the case M q << ω, it is possible to neglect 5 M q in the logarithmic integrals, following the same arguments as given in [8] .
We can write (3. 18)-(3. 20) for M q << ω as
where a Q (ω, k) and b Q (ω, k) are the Lorentz-invariant functions for the massless case (5. 1) and (5. 2), and I 2 is given by (5. 4). Substituting (5. 16)-(5. 18) in (2. 15), taking the limits k << ω, M q << ω, and setting k = 0, we obtain the following relation: 19) where F 2 (ω, T ) is given by (5. 9). This relation for M q = 0 reduces to (5. 8). If non-leading contributions manifested by means of F 2 (ω, T ) are set to zero, the relation (5. 19) leads to the leading thermal effective masses M ± defined in (4. 13) and (4. 14).
Taking into account the validity of (5. 19) only for M q << M Lead , we obtain through a fit of the numerical solutions of (5. 19) , that The inclusion of the non-leading one-loop contributions changes the leading thermal effective masses according to the quark mass. For instance, the change in the leading thermal effective masses for the c quark at T = 100 GeV are: δM + = 0.0202M + and δM − = 0.0241M − . For the s quark, they are: δM + = 0.0220M + and δM − = 0.0224M − . Thus, the effect of the sub-leading contributions to the dispersion relations is nearly 2% for the light quarks. We have not obtained a similar fit of the thermal effective masses as (5. 20) for the heavy quark case. We have checked numerically for this case that the sub-leading contributions to the thermal effective mass are small in comparison with the leading contributions.
For the MSM dispersion relations in the unbroken phase, the situation is quite similar to the QCD case for massless quarks. For instance, the thermal effective masses including leading and non-leading contributions in the Feynman gauge are given by (see Eq. (5. 10)):
the leading contribution to the thermal effective masses in the unbroken phase
, where the coefficients f n are given by Eqs. (4. 4)-(4. 7) . The Lorentz-invariant functions in the Landau gauge for this case are presented in the Appendix C. The dispersion relations in the Landau gauge coming from substituting (C. 1) and (C. 2) in (2. 13) and (2.14). In a similar way as the QCD case, the branches in the Landau gauge are superimposed on the Feynman gauge branches at leading order. In consequence, the fermion dispersion relations in the unbroken phase are gauge invariant at leading order. The consideration of all terms in the quark self-energy introduces a small gauge dependence in the dispersion relations. Taking into account (5. 24), the sub-leading contribution to the thermal effective mass in the Feynman gauge is
where ρ ≃ 0.023 for this case. This contribution induces a gauge dependence in our numerical computations of nearly 2%. By the mentioned general considerations this sub-leading contribution is of order ∼ g 3 s T in a general gauge. The results obtained for massive quarks in QCD can be extended to the MSM in the broken case. The quark dispersion relations are gauge invariant at leading order in temperature and in quark mass. The non-leading order terms in the quark self-energy introduce a small gauge dependence in the dispersion relations. We have checked numerically that the thermal effective masses in the broken phase M b L,R can be written as: 27) where taking into account (5. 20
with σ ≃ 0.14, and M
are the thermal effective masses at leading order in the broken phase 29) where the coefficients are given bȳ 
inducing a gauge dependence in our numerical computations about 2% for the light quarks. Due the mentioned general grounds, the sub-leading contribution to the thermal effective masses is of order ∼ g It is easy to prove that the gauge dependence induced in the shift of the thermal effective masses between the two phases is smaller than the one mentioned above. The difference between the gauge dependent contributions to the thermal effective masses in a general gauge is of order ∼ g 3 s M q for quarks and of order ∼ g 3 M e for charged leptons and neutrinos. For the light quark case, the difference in the Feynman gauge is:
This gauge dependence is smaller than (5. 26) and (5. 31).
Numerical results
We now give the numerical results we have obtained for the dispersion relations for up quarks (u, c, t), down quarks (d, s, b), charged leptons (e, µ, τ ) and neutrinos (ν e , ν µ , ν τ ). For T = 100 GeV, the following values for the masses in In Figs. 3 and 4 , we show the branches for quarks s and c respectively in both phases. In the unbroken phase, the left-handed branches are above the righthanded ones. Although the branches in the broken phase are not associated to a specific chirality, the number of branches is also four. While in the unbroken phase the left-handed abnormal branch is crossed by the right-handed normal branch, in the broken phase there is not crossing between the branches. In the broken phase, the branches that now have a hyperbolic form are separated between the minimum and the maximum by an energy gap of order ∼ M f . The quasi-particle excitations cannot exist in this energy range.
The branches for each quark flavour are different in the broken phase and clearly the fermionic spectrum described by them is flavour non-degenerate. In the unbroken phase, the left-handed branches for the different quark flavours are numerically the same in our computation, but a very small difference should exist for them. The fermionic spectrum is flavour non-degenerate, but the differences for different flavours are very small. The fermionic spectrum described by the right-handed branches is also flavour non-degenerate in a similar way to the lefthanded fermionic spectrum.
Since temperature and mass corrections are considered, the thermal effective masses in the broken phase are smaller than those in the unbroken phase. For the s quark case, for instance (see Fig. 3 ), the thermal effective mass of the lefthanded branches in the unbroken phase is ≃ 51.4 GeV, while that for the corresponding branches in the broken phase is ≃ 50.0 GeV. The shift of the thermal effective masses for the lower branches is also present, but is smaller. In our perturbative calculation, this effect can be understood through the presence of the massive boson propagator (3. 2) in the fermion self-energy. This discontinuity of the thermal effective masses between the two sides of the boundary created during the first order electroweak phase transition has recently been noted in [13] . In this reference, using a numerical simulation of the phase transition in the SU(2) Higgs model on the lattice, was found that the thermal effective mass for the W and Higgs boson is smaller in the broken phase than in the unbroken one.
The dependence with T of the top quark thermal effective masses for the branches in the broken phase is presented in Fig. 5 . Two branches go down appreciably as the temperature is lowered (M t increases). For T below 120 GeV, these branches can become unphysical as is suggested by this figure. 6 The special behaviour of the top quark branches is obtained because this quark acquire a large mass during the electroweak phase transition.
The branches for the τ lepton are shown in Fig. 6 . An energy gap between the hyperbolic branches in the broken phase is also present. As in the quark case, the thermal effective masses for charged leptons in the broken phase are smaller than those in the unbroken one. In the broken phase, the branches for each flavour are different and consequently the fermionic spectrum is flavour non-degenerate. In the unbroken phase, the branches of a specific chirality are the same for different flavours within the precision of the present computation. The fermionic spectrum described is flavour non-degenerate, but the differences for different flavours are very small.
The branches for the electron neutrino are shown in Fig. 7 . There are only two branches because the left-handed chirality of the neutrino. In both phases, the branches for different flavours are the same in our computations. However, the fermionic spectrum is flavour non-degenerate, in both phases, but the differences are very small for different flavours. The thermal effective masses for neutrinos in the broken phase are smaller than those in the unbroken one. The T dependence of the electron neutrino thermal effective mass is presented in Fig. 8 . The thermal effective mass is zero for T = 0, as can be concluded from this figure.
Conclusions
One-loop dispersion relations for the different fermionic sectors of the MSM were obtained. The calculation was performed in the real time formalism of the thermal field theory, in the Feynman gauge. Numerical results were presented for temperatures of the plasma near the critical one of the electroweak phase transition. For all the fermions in the broken phase and in the unbroken one, the fermionic spectrum described by the branches of the dispersion relations is flavour non-degenerate.
In the unbroken phase, the fermionic quasi-particles can be associated to a specific chirality because the chiral symmetry is preserved by the MSM before the ESSB. Since the chiral symmetry is violated by the MSM after the ESSB, the quasi-particles cannot be associated to a specific chirality in the broken phase for the case of massive fermions. The number of branches for quarks and charged leptons is four in both phases, while it is only two for neutrinos.
The thermal effective masses for all fermions in the broken phase are smaller than those in the unbroken one. The existence of this shift for the thermal effective masses can be understood through the presence of the massive boson propagators in the fermion self-energy. A similar shift for the W and Higgs boson thermal effective mass has recently been observed in [13] , but through a nonperturbative lattice calculation. For quarks and charged leptons in the broken phase, an energy gap of order ∼ M f was obtained between the branches that have a hyperbolic form. This gap appears as a consequence of the electroweak contributions to the dispersion relations.
The T dependence of the thermal effective masses for the top quark and for the electron neutrino was studied numerically. The results for the massive top quark suggest that two branches become unphysical in the broken phase for T < 120 GeV.
We have studied the gauge dependence of the dispersion relations for the massless and massive quark cases in QCD by confronting computations in the Feynman and the Landau gauges. We have found for both cases that the dispersion relations in the Landau gauge are equal to those obtained at leading order in the Feynman gauge.
The fermion dispersion relations in the MSM include leading and sub-leading contributions. For the unbroken phase, in a similar way as the massless QCD case, the branches in the Landau gauge are superimposed on the Feynman gauge branches at leading order. Consequently, the fermion dispersion relations are gauge invariant at leading order. The consideration of the non-leading terms in the fermion self-energy introduces a small sub-leading gauge dependence in the dispersion relations. General considerations indicate that the sub-leading contribution to the thermal effective masses, in a general gauge, is of order ∼ g The fermion dispersion relations in the broken phase are gauge invariant at leading order in temperature and in fermion mass. The small sub-leading contribution to the dispersion relation is gauge dependent. On general grounds, the sub-leading contribution to the thermal effective masses, in a general gauge, is of order ∼ g 
are the thermal effective masses at leading order in the broken phase (see Eq. (5. 29)), and the gauge parameters ρ ≃ 0.023 and σ ≃ 0.14. The gauge dependence induced in our numerical computations is about 2% for the light quark case.
The gauge dependence induced in the shift of the thermal effective masses between the two phases is smaller than the one mentioned above. The difference between the gauge dependent contributions to the thermal effective masses in a general gauge is of order ∼ g 3 s M q for quarks and of order ∼ g 3 M e for charged leptons and neutrinos. This difference for light quarks in the Feynman gauge is: δM 
with Γ b (p) defined by (3. 5). The contribution to the self-energy from the generic gauge boson one-loop diagram of Fig. 2a is:
where S(p) is given by (3. 1). Inserting the expressions (3. 1) and (B. 1) into (B. 3) and keeping only the real part Re Σ ′£ (K) of the finite temperature contribution Σ ′£ (K) to the self-energy, it is possible to write:
where Re Σ ′ (K) is the real part of the finite temperature contribution to the self-energy in the Feynman gauge (3. 8) and Re δΣ ′ (K) is given by: [3] . Using this definition and following a procedure similar to the preceding case, the traces 
8k L 
(B. 12) 
C Lorentz-invariant functions in the Landau gauge
The chiral projections of the Lorentz-invariant functions for the quarks in the unbroken phase are given by: 
